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Rett Syndrome (RTT) is a neurodevelopmental disorder associated with intellectual 
disability, mainly caused by loss-of-function mutations in the MECP2 gene. RTT brains 
display decreased neuronal size and dendritic arborization possibly caused by either 
a developmental failure or a deficit in the maintenance of dendritic arbor structure. 
To distinguish between these two hypotheses, the development of Mecp2-knockout 
mouse hippocampal neurons was analyzed in vitro. Since a staging system for the 
in vitro development of mouse neurons was lacking, mouse and rat hippocampal neurons 
development was compared between 1-15 days in vitro (DIV) leading to a 6-stage model 
for both species. Mecp2-knockout hippocampal neurons displayed reduced growth of 
dendritic branches from stage 4 (DIV4) onwards. At stages 5-6 (DIV9-1 5), synapse number 
was lowered in Mecp2-knockout neurons, suggesting increased synapse elimination. 
These results point to both a developmental and a maintenance setback affecting the 
final shape and function of neurons in RTT. 

Keywords: Rett Syndrome, neurodevelopment, hippocampal neurons. Dendritic Spines, Dendrites, staging 
system. Neuronal morphology 



INTRODUCTION 

Rett Syndrome (RTT) is an X-linked neurodevelopmental disease 
associated with intellectual disability. RTT's main cause are muta- 
tions in the MECP2 gene that encodes a transcriptional regulator 
(Amir et al., 1999). Postmortem studies revealed a decrease in 
neuronal size and dendritic arborization in the brain of RTT indi- 
viduals with increased cell density and global reduction in brain 
volume (Belichenko et al., 1994, 2009; Subramaniam et al., 1997; 
Kaufmann and Moser, 2000; Armstrong, 2001; Akbarian, 2002; 
Saywell et al., 2006). The pathological process leading to these fea- 
tures is still unclear and recent studies in animal models of RTT 
using conditional Mecp2 knock-out in adult mice have challenged 
the idea of a developmental failure by suggesting the hypothesis 
of a deficit in the maintenance of the dendritic arbor structure 
(Schule et al, 2008; Matijevic et al, 2009). 

Neuronal development is a complex multistep process that can 
be divided in several, partially overlapping stages (Dotti et al., 
1988; Kossel et al, 1997; Wu et al, 1999; Scott and Luo, 2001; 
Urbanska et al, 2008; Ehlers and Polleux, 2010). One efficient 
approach to study neurodevelopmental deficits in disorders such 
as Down, RTT and Fragile-X syndromes, has been the analy- 
sis of neuronal maturation in vitro (Saud et al., 2006; Barnes 
and Polleux, 2009; Jacobs et al, 2010; Kim et al., 2011; Gleeson 
and Polleux, 2012). The most accurate description of neuronal 
development in vitro available to date, refers to rat hippocam- 
pal neurons and was published in 1988 by Dotti et al. (1988). 
They identified five main stages and annotated the time, up to 
7 days in vitro (DIV), at which hippocampal neurons enter each 
stage. The Dotti model represents the most used staging sys- 
tem for rat hippocampal neurons, but recent studies highlighted 
additional features that were not described in the original study 



(Horton et al., 2006; Kaech and Banker, 2006; Urbanska et al., 
2008). For instance, Horton et al. (2006) showed that the first 
5 stages during which axons and dendrites grow and elongate, 
are followed by a dynamic phase, at DIV8-10, during which one 
dendrite presents a high level of retractions and protrusions to 
become the apical dendrite, preceding a final stabilization phase 
that occurs over a longer time period (Horton et al., 2006; Barnes 
and Polleux, 2009). These studies suggested the need to extend 
beyond DIV7 the current in vitro staging model for the rat hip- 
pocampal neurons development. Other systems, like organotypic 
cultures or brain slices, can represent an excellent compromise 
between single cell cultures and whole animal studies, replacing 
and reducing the number of animal experiments (Mewes et al., 
2012). However their usage on large scale remains limited due to 
their cost, miniaturization limits, and complexity (Sharma et al., 
2012). Considering that many mouse models of neurological dis- 
eases have been created, the availability of a staging model for 
primary mouse neurons would represent a major tool to inves- 
tigate the pathological processes in these diseases. Accordingly, 
this study aims at revising the current staging system for rat neu- 
rons and developing the staging system for the development of 
mouse hippocampal neurons in vitro to identify which steps in 
the maturation process are impaired in RTT. 

MATERIALS AND METHODS 

PRIMARY CULTURES OF RAT HIPPOCAMPAL NEURONS 

Animal use was approved by the Italian Ministry of Health 
under authorization n° 185/2010-B. Primary hippocampal neu- 
rons were prepared from postnatal day 1 rats as described by Aibel 
et al. (1998), with slight modifications. Cells were plated on 2% 
Matrigel (BD Biosciences)-coated coverslips in 24-well plates at a 
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density of 4 x 10 5 cells/mL per well and cultured in a 5% CO2 
humidified incubator in Neurobasal media (Invitrogen) supple- 
mented with B27 (Invitrogen), 1 mM L-glutamine (Euroclone), 
and antibiotics (Euroclone). Cell number was assessed by a dye 
exclusion method using Trypan Blue (Fluka) and cells were plated 
at density of 600-800 cells/mm 2 . The medium was changed every 
2 days from the second day in culture onward. Cell density was 
recorded at specific time points DIV3, 6, 9, 12, and 15 in order to 
verify the culture reproducibility. 

PRIMARY CULTURES OF MOUSE HIPPOCAMPAL NEURONS 

Wild-type C57/BL6 mice were purchased from Charles River 
Laboratories (Calco, LC, Italy). Female Mecp2 heterozygous mice 
(Guy et al, 2001) were purchased from Jackson Laboratories (Bar 
Harbor, Maine; strain name: B6.129P2(C)-MeCP2tml.lBird/I, 
stock number: 003890). Mecp2 knockout mice were obtained by 
crossing Mecp2 heterozygous females with wild type C57/BL6 
males. Hippocampal neurons were prepared from postnatal day 
2 (P2) knockout mice (males) and WT pups using the procedure 
previously described. In this case, hippocampi from each mouse 
were dissected and plated separately from those of the other lit- 
termates in order to isolate knockout neurons from WT neurons. 
In all cell cultures, growth of non-neuronal cells was prevented by 
adding 5.0 uM cytosine b-D-arabinofuranoside (ARA-C) on the 
second day in culture. Cells were maintained in vitro from 2 to 15 
days (2-15 DIV) at 37°C in a 5% C0 2 -humified incubator. 

MOUSE GENOTYPING (B6.129P2(C)-MeCP2Tm1.1BIRD/J) 

Mouse genotype was identified by PCR following the extraction 
of genomic DNA from tails. Two different mixes with a specific 
reverse primer to either amplify the mutant or the wild type form 
of Mecp2 gene were prepared (reverse mutant primer oIMR1437 
5'- TCC ACC TAG CCT GCC TGT AC -3', reverse wild type 
primer oIMR1438 5'- GGC TTG CCA CAT GAC AA -3'), and 
a forward common primer (oIMR1436 5'- GGT AAA GAC CCA 
TGT GAC CC -3'). 

CELL TRANSFECTI0N 

Neuron transfection was performed using Lipofectamine 2000 
(Life Technologies) following manufacturer instructions. In brief, 
2 (xg of pEGFP-Nl vector (Clontech) was used for each well and 
this transfection mix was removed after 1 h. Cells were trans- 
fected at 1, 3, 5, 7, 9, 11, 13 DIV, 24-48 h prior to fixation and 
immunofluorescence for morphology measurements. 

IMMUNOFLUORESCENCE 

Immunostaining of cultured hippocampal neurons was performed 
with the following procedure. Cells were fixed in 4% paraformalde- 
hyde (PFA) in phosphate buffer saline (PBS) for 20 min and 
washed in PBS. After a preliminary permeabilization with PBS 
with 0.1% Triton (PBST) for 30', cells were incubated for 2h at 
room temperature with the primary antibody in 5% normal goat 
serum in PBST. After washes in PBST, cells were incubated 1 h 
at room temperature with the respective secondary anti-mouse 
or anti rabbit IgG antibodies Alexa 488, Alexa 568 or Alexa 640 
(1:250; Invitrogen) in 2% normal goat serum in PBST. Finally, 
cells were washed in PBST and stained with the nuclear stain 



Hoechst and the coverslips were mounted in Mowiol antifade 
compound (Sigma). The following antibodies were used: Rabbit 
polyclonal anti-MAP2 (Santa Cruz Biotechnology) ; Mouse mono- 
clonal an ti-MAP2 (Sigma); Mouse monoclonal anti-Tau-1 (Santa 
Cruz Biotechnology); Mouse monoclonal anti-PDS95 (Millipore); 
Mouse monoclonal anti-Gephyrin (SySy, kindly provided by 
Prof. Triller); Rabbit polyclonal anti Synapsin-1 (Millipore); anti- 
mouse Alexa Fluo 647 (Invitrogen); anti-rabbit Alexa Fluo 568 
(Invitrogen); anti-mouse Alexa Fluo 488 (Invitrogen). 

MICROSCOPY 

Digital images of GFP-positive neurons, with MAP2 staining and 
nuclear Hoechst staining, as well as those of GFP-negative neu- 
rons (i.e., not transfected with pEGFP-Nl) stained against MAP2, 
Tau-1 and with Hoechst staining, were acquired using a Nikon 
Eclipse E800 epifluorescence microscope with a 20X objective and 
a Nikon DXM1200 camera, paired with ACT-1 software. All the 
12 mm 2 glass coverslips (Sacco) used to culture cells have been 
divided in four squared fields that have been considered in order 
to take pictures in the most reproducible manner possible (see 
Figure 1A and Results). Dendritic spines were imaged in a Nikon 
Clsi confocal microscope equipped with an argon laser (457, 477, 
488, and 514 nm lines), a 561 nm diode laser and a 640 nm diode 
laser. Excitation light was delivered to the sample with an 80/20 
reflector. To avoid any possible cross-talk phenomena among flu- 
orophores ("bleed trough"), all images were collected using the 
method of sequential line scanning. The system was operated with 
a pinhole size of Airy disk (30 nm) (for spines images the pinhole 
was set 60 nm). A 60X Oil Apo objective (NA 1.4) was used, col- 
lecting series of optical images at 0.15 |im z resolution (step size), 
which gave a voxel size of 75 x 75 x 150 nm (X x Y x Z). Images 
were then processed for z-projection using ImageJ 1.45 (NIH, 
Bethesda, USA). We collected images of both proximal and dis- 
tal fields of the apical dendrite of neurons. Quantitative data were 
collected considering the average intensity of the signal coming 
from all the stacks of a single image. 

Tau-1 ANALYSIS 

The presence of the axon was determined in GFP-negative cells 
(i.e., not transfected with pEGFP-Nl) fixed with PFA 4% at 
DIV1, 2, and 3 respectively. To define the percentage of cells that 
present the axon at each time point, 5 different fields (see Results, 
Figures 1A,B) from two different coverslips have been analyzed 
as follows: first, MAP2-positive cells were counted in order to dis- 
criminate between neurons and glial cells, and among these, the 
number of axons (Tau-1 positive and MAP2- negative neurites) 
was established. 

POLARIZATION ANALYSIS 

To define the degree of polarization of neuronal dendrites, we 
followed the method described by Horton et al. (2006). Briefly, 
the measured lengths of dendrites (Lm) in each neuron (including 
the primary dendrite with all its branches) were ranked highest 
to lowest. The sum of these lengths is the total dendritic length 
for that neuron, and the proportion contributed by each dendrite 
to that total is: Lm/Lsym = Length of dendrite/Total dendritic 
length. If neurons were symmetric (i.e., with dendrites of similar 
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FIGURE 1 | Morphological characterization of rat and mouse 
hippocampal neurons. (A) Neurons were counted from five sampling 
areas (rectangles) per coverslip. (B) DIV2 mouse hippocampal neuron 
immunostained for MAP2 (red) and Tau-1 (green) and quantification 
(mean + s.e.m.) of the percentage of neurons with one Tau-1 
positive/MAP2-negative neurite in mouse and rat neuronal cultures. 
(Scale Bar = 10p.m) (C) Quantitative data of the average total 
dendritic length of mouse and rat hippocampal neurons in vitro. Data 



are expressed as mean ± s.e.m., n = 50. (D) Images of 
GFP-transfected rat and mouse hippocampal neurons at the indicated 
DIV (Scale Bar = 50|im). (E) Number of primary dendrites, (F) branch 
points and (G) secondary dendrites in rat neurons at each DIV. (H) 
Primary dendrites, (I) branch points and (J) secondary dendrites in 
mouse neurons. The median line of the boxes refers to the 50 
percentile of the entire population (A/ =50 per DIV). Mann-Whitney 
Rank Sum Test, "P<0.01, *P<0.05. 



lengths), that value would be Lm = Lsym =11 number of 
dendrites (Lm/Lsym = 1). If neurons were asymmetric (i.e., with 
dendrites of different lengths), the ratio Lm/Lsym would reflect 
the degree to which dendrites diverge from perfect symmetry. All 



neurons that showed a Lm/Lsym value above a threshold of 2 were 
considered as polarized neurons. To quantify the contribution of 
each dendrite to the total dendritic length in a cell-by-cell basis, 
dendrites were ranked on the basis of the ratio between their lengths 
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FIGURE 2 | Dendrites and spines maturation. (A) The length of the longest 
dendrite D1 (Lm) is divided by the average length of all dendrites D1 , D2, D3, 
D(n) (Lsym). The dendritic arbor is polarized when the apical dendrite is 
specified, i.e., when Lm/Lsym = 2. (B) Percentage of neurons with polarized 
dendritic arbor in rat and mouse cultures at different DIV. Mann-Whitney Rank 
Sum Test, *P = 0.05. (C) Contribution of each dendrite to total dendritic 
length at DIV6 and DIV12, expressed as the ratio of measured dendrite 
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length (Lm) to the Lsym. Dendrites are ranked longest to shortest (N = 50 
neurons; 3-4 cultures). (D) Proximal and distal 40|im-long fields of mouse 
and rat apical dendrites. (Scale Bar = 5 |im). (E) Spine density in apical 
dendrite proximal and distal region of mouse (dark gray) and rat (light gray) at 
DIV6, 9, 12, 15. (EG) Spine type percentage (mean, standard errors). 
***p < 0.001 , **p < 0.01 , *p < 0.05 (One-Way ANOVA with Holm-Sidak's 
pairwise multiple comparison). 



(Figure 2C; Lm) divided by the mean length of all dendrites from 
the same neuron (Figure 2C; Lsym). 

MORPHOLOGICAL ANALYSIS 

The morphological analysis of hippocampal neurons was focused 
on 4 different parameters: total dendritic length, number of 
primary and higher order dendrites, and number of branch 
points. To achieve this aim, dendritic length and branch points of 
all GFP-positive neurons were measured and quantified by trac- 
ing along each neuronal projection using ImageJ software (NIH, 
Bethesda, USA). The starting point of a dendrite was defined 
as the point at the midline of the dendrite that intersected the 



curvature of the soma. For our measures, protrusions emerging 
from the cell soma with all its branches were counted as a sin- 
gle dendrite, tracing the entire dendritic arbor before moving to 
measure other primary dendrites (Figure 2A). The branch points 
were counted using the Multi-point tracker plugin. Filopodia pro- 
trusions (considered as >5 microns-long), were excluded from 
the branch point analysis. 

MORPHOLOGICAL ANALYSIS OF DENDRITIC SPINES 

Spines are usually classified as stubby, thin, and mushroom based 
on the morphological criteria proposed by Harris et al. (Harris 
et al., 1992). In particular, they are defined as stubby if their neck 
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diameter and their total length are comparable, as thin if their 
length was much greater than both the neck and head diameters 
(which are similar), and as mushroom if the head diameter was 
much larger than the neck diameter (cup-shaped spines were con- 
sidered as mushroom). Following a visual classification based on 
known morphological criteria, the Straight-line tool of ImageJ 
software was used to measure spine length (traced from the edge 
of the dendrite to the tip of the spine head) and spine head diame- 
ter, and as well as dendrite length used to determine spine density. 
Dendritic length was also evaluated in order to determine spine 
density in both proximal and distal fields of the apical dendrite 
(Smith et al., 2009). Our measurements come from 800 u,m of 
total length per region, collected from at 12-15 neurons. 

CO-LOCALIZATION OF SYNAPSIN-1 AND PSD-95 

The degree of SYN1 and PSD95 or Gephyrin co-localization with 
SYN1 was evaluated from confocal images. Quantification of co- 
localized pixels was performed using the Colocalization module 
in Imaris software (Bitplane). Imaris was used in a default setting 
with the addition of an automatic threshold for pixel inten- 
sity calculated using the point spread function measured in our 
microscope. Colocalization was quantified as amount of fluores- 
cence collected from each pixel stained (over the threshold) for 
both protein targets. In brief, the volumetric percentage of sig- 
nal (IMARIS) over the threshold for these synaptic proteins is the 
number used as co-localization amount. 

ELECTR0PHYSI0L0GY 

Whole-cell current-clamp recordings were performed in single 
neurons at room temperature from both groups of animals (mice 
and rats). Cells were continuously perfused (2 mL/min) with 
normal external solution (NES) containing (in mM): NaCl 145, 
KC1 4, CaCl22, N-2-hydroxyethylpiperazine-N-2-ethanesulfonic 
acid (HEPES) 10, Glucose 10. Patch pipettes had a resistance 
of 4-6 Mfi when filled with an intracellular solution contain- 
ing the following (in mM): potassium-gluconate 135, HEPES 
10, NaCl 10, Mg 2 -ATP 2, Na+-GTP 0.3; adjusted to pH 7.3 
with KOH. Neurons were visualized using a Zeiss microscope 
(Model AxiovertlOO). Data were acquired with an Axopatch 200- 
B amplifier (Molecular Devices) and digitized with a Digidata- 
1231 (Molecular Devices) computer interface and PClamp 8.0 
(Molecular Devices) acquisition software. Signals were sampled at 
33 kHz and low-pass filtered at 2 kHz. The stability of the whole- 
cell configuration was checked by continuously monitoring the 
input and series resistances during the experiments. Only stable, 
long-lasting recordings were used for analysis. Cells with a change 
in leak currents of more than 10% were rejected from the analysis. 

METHODOLOGICAL CONSIDERATIONS 

Despite the high variability among culturing methods described 
in the literature, several parameters of the culture conditions and 
staging system proposed here are found to be conserved between 
different published protocols: (i) similar percentage of GABAergic 
neurons, i.e., 20% GAD65/67 positive neurons in both our rats 
(P0-1 pups) and Horton et al. (E18) cultures (Horton et al., 
2006); (ii) conserved gross morphology and conserved occur- 
rence of all the stages [with respect to Dotti's stages 1-5 (Dotti 



et al., 1988)] with all methods used, independent of age (P0-1 
or El 8) and irrespective of the type of surface coating and cul- 
ture medium (Dotti et al., 1988; Bacci et al, 1999; Horton et al, 
2006); (iii) similar onset of spontaneous network activity (Bacci 
et al., 1999); (iv) similar density and type of spines; (v) sim- 
ilar onset of dynamic phase with neurons from P0-1 and E18 
(this study, Horton et al., 2006). The morphological analysis was 
performed on pictures collected from randomly transfected neu- 
rons to achieve an un-biased measurement of neurodevelopment 
in vitro. The electrophysiological study was based specifically on 
pyramidal neurons where their triangular shape and apical den- 
drite were clearly visible, therefore easily distinguishable from 
bipolar or multipolar non-pyramidal cells. 

DATA REPRESENTATION AND STATISTICAL ANALYSIS 

In the bar graphs, columns represent the mean of all measure- 
ments (see Results) with corresponding standard errors of the 
mean (s.e.m.). All statistical data analysis and data plotting were 
performed using the Prism 5 software (Graphpad). Statistical 
significance for comparisons between different groups was estab- 
lished using either a Student f-test, or Two-way and One- Way 
ANOVA followed by an all pairwise multiple comparison pro- 
cedure (Holm-Sidak's method) where ***p < 0.001, **p < 0.01, 
and *p < 0.05. In presence of data not passing the normality test 
(Shapiro-Wilk) the statistical significant difference was calculated 
using Mann- Whitney Rank Sum Test where ***p < 0.001, **p < 
0.01, and *p < 0.05. The different statistical tests are reported in 
figure legends. 

RESULTS 

Since a staging system for hippocampal mouse neuron develop- 
ment in vitro was not available, we started by creating a new one 
and we compared it with the development of rat hippocampal 
neurons in vitro. This strategy was chosen in order to relate this 
novel mouse staging system with the body of the available infor- 
mation, which was related to the rat, only. A complete analysis of 
the development of rat and mouse hippocampal neurons DIV1 to 
DIV15 was performed by imaging neuronal morphology follow- 
ing transfection with a plasmid to express the green-fluorescent 
protein (GFP). Cultures from both species showed reproducible 
morphological parameters when plated in the range of 600- 
800 cells/mm 2 . The percentage of GAD65/67-positive neurons 
at DIV6 was 18.4 ± 10.6% in rat and 21.6 ± 10.3% in mouse 
cultures. Hence, the large majority of neurons in our cultures 
is represented by pyramidal neurons. Accordingly, this study 
was focused on pyramidal neurons which show very distinctive 
morphology by DIV4 onward and therefore can be selected on 
the basis of morphological criteria. Due to the low number of 
GABAergic interneurons, neurons selected for the quantitative 
analysis are likely to be true pyramidal neurons even at early stages 
when these morphological criteria are less stringent. 

FIRST DAYS in vitro: AX0NAL SPECIFICATION 

Dotti et al. (1988) showed that during the first 2 DIV one neurite 
is committed to become an axon. We quantified the proportion 
of rat and mouse neurons with a differentiated axon, identified 
as a neurite positive for the axonal marker Tau-1, and negative 
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for the dendritic marker MAP2 (Gordon-Weeks, 1991; Hirokawa 
et al, 1991; Matus, 1991; Hirokawa, 1994; Mandell and Banker, 
1996) (Figures 1A,B). Rat neurons with a Tau-1 positive/MAP2 
negative neurite were 13 ± 6% at DIV1 and 34 ± 8% at DIV2, 
while they were 21 ± 4% at DIV1 and 43 ± 9% at DIV2 in 
mouse cultures (Figure IB). Even if more mouse neurons showed 
a faster axonal specification at DIV1 and 2 than rat neurons, 
a comparable percentage of neurons with specified axons was 
found in rat (67 ± 12%) and mouse (71 ± 11%) cultures by 
DIV3 (Figure IB). These results extend the timing for axonal 
specification to DIV3. 

MORPHOLOGICAL DEVELOPMENT OF DENDRITES 

The total dendritic length was compared between rat and mouse 
GFP-transfected neurons from DIV2 to DIV15 (Figures 1C,D). 
Dendrites of neurons from both species showed a compara- 
ble progressive increase in their total length up to DIV6, fol- 
lowed by a plateau phase around DIV7-9, and a further pro- 
gressive increase from DIVIO to DIV15 (Figure 1C). However, 
between DIV10-12, mouse neurons showed a significantly greater 
increase in total dendritic length compared to rat neurons, 
reaching a comparable total dendritic length by DIV15 (mouse 
2,066 ± 168 ^m; rat 2,173 ± 107; P= 0.752). The same neu- 
rons were further considered to study the development of primary 
and secondary dendrites, and their branch points at each DIV 
(Figures 1E-J). After an initial phase spanning DIV1-3 char- 
acterized by the production of primary neurites, the number 
of primary dendrites stabilized at 4-5 per neurons in both 
mouse and rat cultures for all subsequent DIVs (Figures 1E,H). 
Quantification of branch points and secondary dendrites revealed 
an initial slow rise in the number of branches from DIV2 to 
DIV6 in both species, followed by an unstable phase with a 
large variability at DIV6 and a decrease at DIV7 which was 
particularly strong in mouse cultures (Figures 1F,G for rat, 
Figures 1IJ for mouse neurons). In rat neurons, the number 
of dendritic branch points and secondary dendrites remained 
substantially unchanged between DIV7 and DIV11 (with one 
variation at DIVIO- 11 for the number of branch points), while 
mouse neurons showed an extended unstable phase of alternat- 
ing expansions and regressions between DIV7 and DIV9. This 
process culminated in both species with a robust increase in 
the number of branch points and secondary dendrites between 
DIV10-12 for mouse neurons and DIV12-DIV13 for rat neu- 
rons. The final phase from DIV13 to DIV15 was characterized 
by a stabilization of the dendritic arbor. In general, morphome- 
tric parameters of mouse neurons showed higher s.e.m. values 
than rat neurons, indicating a broader phenotypical distribution 
(Figures 1E-J). 

SPECIFICATION OF THE APICAL DENDRITE 

To determine the time point at which rat and mouse neurons 
specify their apical dendrite, we evaluated GFP-expressing neu- 
rons in cultures at DIV6, 9, 12, and 15. We followed the quan- 
titative methodology described by Horton et al. (2006), which 
identifies the apical dendrite as the one having a total length 
longer than 2-fold the average dendritic length (Figure 2A). 
Apical dendrite maturation occurs when Dl length (Lm) doubles 



the average dendritic length (Lsym), in contrast, when the ratio 
Lm/Lsym approaches 1, the dendritic arbor is symmetric, like 
in immature excitatory neurons or mature GABAergic inhibitory 
neurons. Neuronal cultures are defined as "polarized" when the 
percentage of neurons with an apical dendrite reaches 60% of 
the total number of neurons. In our hands, this threshold was 
reached at DIV9 in rat cultures (62.1% ± 5.77) and DIV12 in 
mouse cultures (76% ± 16.07). Rat cultures were more polar- 
ized compared to mouse cultures at DIV3 and 6 even though 
they had comparable total dendritic lengths (Figure 1C), and 
reached similar polarization values at later stages (Figure 2B). 
In mouse cultures, the ratio Lm/Lsym (see Methods) for the 1st 
ranked dendrite (i.e., the apical dendrite) passed the threshold 
of 2.0 at DIV12 (Lm/Lsym = 2.34 ± 0.12), while it was already 
2.2 ± 0.28 at DIV6 in rat cultures, reaching 2.6 ± 0.09 by 
DIV12 (Figure 2C). For 2nd to 7th rank dendrites, the ratio 
Lm/Lsym remained stable between DIV6 and 12 in both species 
(Figure 2C). 

DENSITY AND MORPHOLOGY OF DENDRITIC SPINES 

To analyze the formation of dendritic spines, we estimated den- 
dritic spine density by counting the number of spines per 10 u,m 
of dendritic length in GFP-expressing neurons at DIV6, 9, 12, 
and 15. This analysis was carried out on apical dendrites, col- 
lecting separately the number of spines in the primary dendrite 
(proximal) and in secondary dendrites (distal; Figures 2D,E). 
Spine density in rat cultures increased progressively from DIV6 
to DIV15 in both primary and secondary dendrites, while mouse 
neurons reached their highest spine density already by DIV12. 
A comparison between the species revealed a significantly higher 
spine density in secondary dendrites of mouse neurons at DIV9 
(mouse 3.84 ± 0.33 spines/10 [im vs. rat 3.23 ± 0.1 spines/10 |im; 
r-test P = 0.043), DIV12 (mouse 5.3 ± 0.34 spines/10 |xm vs. rat 
2.8 ± 0.26 spines/10 (im; t-test P < 0.001) and DIV15 (mouse 
5.0 ± 0.3 spines/10 (im vs. rat 4.1 ± 0.37 spines/10 (im; r-test 
P = 0.047). Spines were classified into the three main morpho- 
logical types: stubby, thin and mushroom (Harris et al, 1992), 
and the percentage of each spine type was calculated in primary 
and secondary dendrites (Figures 2F,G). Primary and secondary 
dendrites of mouse neurons showed a progressive decrease in the 
percentage of stubby spines from DIV6 to DIV15, while mush- 
room spines increased from DIV6 to 9, remaining at the same 
level between DIV12 and 15 (DIV6 vs. 12 ANOVA P = 0.005; 
DIV12 vs. 15 ANOVA P = 0.4). In contrast, rat neurons showed 
no changes in the proportions of all spine types in primary den- 
drites from DIV6 to 1 5, while there was a decrease of stubby spines 
between DIV12 and 15 accompanied by an increase in mushroom 
spines in secondary dendrites (ANOVA, P = 0.027). The propor- 
tion of thin spines remained constant in both species throughout 
these in vitro time points. To verify if the assignment to the three 
spine categories was correct, the length and head diameter of each 
spine were measured (Figure 3). Scatter plots showed a remark- 
able distinction of the three spine types in three subpopulations 
and a shift toward a higher number of large mushroom spines 
is evident between DIV6 to DIV12 (Figures 3A,B). Analysis of 
the average length of thin spines and of the average head diam- 
eter of mushroom spines showed no differences between DIV6 



Frontiers in Cellular Neuroscience 



www.frontiersin.org 



February 2014 | Volume 8 | Article 18 | 6 



Baj et al. 



Rett neurons development 



Rat 



:1.5 



g 1.0 
E 

S0.5 



"0.0 



DIV6 



• Stubby 
t Thin * 
□ Mush 

S 1 o 
E 

' . I 

"o.o 



DIV12 



• Stubby 
t Thin 
□ Mush 



0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Length urn Length urn 

Mouse 



1.5 



§ 1.0 

E 
a 

S0.5 



DIV6 



• Stubby 
▼ Thin 



DIV12 • Stubby 

1 .5 » Thin 

• _ acP ■ 0 □ Mush 



U4 * = 



o.o. 



0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Length urn 

Thin Length 




0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Length urn 

Mushroom Head Diameter 



■ Mouse I I 

□ Rat t rf-. 

Ml": 

6 9 12DIV 



_Mouse 
□ Rat 



tun 



12DIV 



FIGURE 3 | Spine measurements and categorization at DIV6 and 
DIV12. Scatter plots representation for rat (A) and mouse (B) neurons. 
X-axis represents the length of each spine, while the y-axis shows the head 
diameter. Sorting of spine type was performed by operator during 
measurements; circle: stubby, triangle: thin and square: mushroom spines. 
(N = 15 fields from different neurons from 3-4 different cultures). (C) 
Average length (±SE) of thin spines and average (±SE) head diameter of 
mushroom spines at DIV6, 9 and 12 for mouse (dark gray bars) and rat (light 
gray bars) neurons. Student f-test *P < 0.05. 



and DIV12 in both species (Figure 3C). Interestingly, thin spines 
in mouse neurons were shorter than those in rat neurons (P = 
0.026), while other dimensions were comparable. 

SYNAPTOGENESIS 

To determine the time course of synaptogenesis, we immunos- 
tained neurons at DIV6, 9, 12 and 15 with antibodies against 
the presynaptic protein Synapsin-1 (SYN1) and against the post- 
synaptic protein PSD95 or Gephyrin. Co-localization of these 
two markers was used as an indicator of a mature excitatory 
synapse (Figure 4A). The co-localization was expressed as the 
percentage of PSD95 that was co-localized with SYN1, for pri- 
mary dendrites it was 77% for rat and 89% for mouse cultures. 
Already at DIV6 for secondary dendrites it was 59% for rat 
and 94% for mouse, without significant changes at later stages. 
Primary apical dendrites of rat neurons showed significantly 
lower PSD95/SYN1 co-localization at DIV12 compared to mouse 
neurons (Figure 4B; ANOVA, P= 0.003). On the other hand, 
there was a significantly higher co-localization in secondary den- 
drites of rat neurons at DIV6, 9, and 12 compared to mouse 
neurons (Figure 4C, ANOVA, P = 0.041, P = 0.006, P = 0.023). 
Co-localization of Gephyrin and SYN1 was used as an indicator 



of a mature inhibitory synapse (Figure 4D). The co-localization 
varied between 50-62% for primary dendrites and 40-54% for 
secondary dendrites already by DIV6 (Figure 4E). Mouse and 
rat primary neurons showed a constant maturation trend from 
DIV6 to DIV15. Secondary apical dendrites of rat neurons 
showed slightly higher Gephyrin/SYNl co-localization at DIV9 
(P = 0.035) and DIV12 (P = 0.015) compared to mouse neurons 
(Figure 4F, ANOVA). A characterization of passive membrane 
properties of cultured neurons at different days in vitro by whole- 
cell recordings revealed a stable resting membrane potential in 
rat and mouse neurons between DIV3 and 12, with a progressive 
increase in membrane capacitance consistent with the increase 
in surface area of neurons. Reflecting the formation of a func- 
tional network through synaptic contacts, mouse neurons showed 
spontaneous bursts of action potentials already at DIV6, adopt- 
ing a clearly organized pattern by DIV12 (Figure 4H, Table 1). 
On the other hand, rat neurons showed an organized firing pat- 
tern of spontaneous action potentials only at DIV12 (Figure 4G, 
Table 1). 

MORPHOLOGICAL CHARACTERIZATION OF Mecp2~^ HIPP0CAMPAL 
NEURONS 

To determine how the lack of MeCP2 affects hippocampal neu- 
ronal development in vitro, we cultured neurons from male Mecp2 
knockout (Mecp2~/ y ) and wild type (WT) littermate mice. The 
hippocampi dissected out from each animal were plated sepa- 
rately, transfected with GFP and analyzed at DIV6, 9, 12, and 
15. Compared to WT neurons, a lower proportion of Mecp2~/ J 
neurons specified an apical dendrite, and by DIV12 their develop- 
mental delay was significant (50% polarized neurons in Mecp2~l y 
cultures vs. 77% in WT cultures; P = 0.020) (Figures 5 A,B)- 
During the following days (DIV12-15), dendritic polarization in 
Mecp2~lv neurons reached levels comparable to that in WT neu- 
rons (69% polarized neurons in Mecp2~/ y cultures vs. 74% in 
WT cultures). The total dendritic length of Mecp2~/ y neurons 
was significantly smaller already at DIV6 compared to WT neu- 
rons {Mecp2-lv 843 ± 87 (im vs. WT 1,206 ± 73 (im; P = 0.002). 
This difference remained over time in vitro and was much larger at 
DIV12 (Mecp2-/y 1,426 ± 258 [im vs. WT 2,297 ± 181 |im; P = 
0.007) (Figure 5C). To further understand the morphological fea- 
tures of Mecp2~l J neurons, we analyzed primary and secondary 
dendrites, as well as branch points (Figures 5D,E,F). Mecp2~/ J 
neurons showed fewer primary dendrites at DIV6 and 9 com- 
pared to WT neurons (DIV6 P < 0.001, DIV9 P = 0.002), but 
recovered at later stages (Figure 5D). The number of secondary 
dendrites and branch points were both comparable between WT 
and Mecp2~lY neurons at the early time points considered (DIV6 
and 9). However, at later stages of neuronal development (DIV12 
and DIV15), the number of secondary dendrites and branch 
points were both significantly lower in Mecp2~/ y neurons than 
in WT neurons (DIV12 P < 0.001) (Figures 5E,F). 

SPINE DENSITY AND MORPHOLOGY IN Mecp2~l y HIPPOCAMPAL 
NEURONS 

Dendritic spines on proximal primary apical dendrites and distal 
higher order dendrites of Mecp2~l y and WT neurons express- 
ing GFP were imaged and classified at different time points 
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FIGURE 4 | Synapse characterization. (A) Representative image of SYN1 
(red panel) and PSD95 (green panel) signals, and co-localization (merge 
panel) at DIV12 in rat and mouse hippocampal neurons (Scale bar = 
5|im], (B) Quantitative data representing the degree of co-localization 
between the two synaptic proteins Rat (gray) and Mouse (black) in 
proximal dendritic fields. In the Y-axes, the percentages of colocalized 
PSD95 with respect to the total PSD95 signals were plotted, while the 
X-axes reports the different time points considered as DIV. (C) 
Quantitative degree of co-localization between PSD95 and SYN1 in distal 
dendritic fields. (D) Representative image of SYN1 (red panel) and 



Gephyrin (green panel) signals, and co-localization (merge panel) at DIV12 
in rat and mouse hippocampal neurons (E) Quantitative data representing 
the degree of co-localization between the two synaptic proteins Rat 
(gray) and Mouse (black) in proximal dendritic fields. In the Y-axes, the 
percentages of colocalized Gephyrin with respect to the total Gephyrin 
signals were plotted, while the X-axes reports the different time points 
considered as DIV. (F) Quantitative degree of co-localization between 
Gephyrin and SYN1 in distal dendritic fields. (G) Rat and (H) mouse 
spontaneous electrical activity at different DIV. **p < 0.01 and *p < 0.05 
(One-Way ANOVA with Holm-Sidak's pairwise multiple comparison). 



(Figure 6A). The spine density in proximal apical dendrites of 
WT neurons increased from 2.8 ± 0.3 spines/10 u,m at DIV6 
to 5.9 ± 0.6 spines/10 |i,m at DIV12, while in Mecp2~ ly neu- 
rons it went from 3.7 ± 0.3 spines/10 [im at DIV6 to 4.4 ± 0.6 
spines/10 u.m at DIV12; similar data were collected from distal 
dendrites (Figure 6B). Mecp2~l y neurons had a lower spine den- 
sity than WT neurons at DIV 9 and 12 (P = 0.014, P = 0.027), 



but spine density was comparable between the genotypes at 
DIV15. The percentage of stubby, thin and mushroom spine 
types in Mecp2~/ y neurons did not change over time, while 
WT neurons showed a progressive decrease in the percent- 
age of stubby spines, and an increase in mushroom spines 
between DIV6 and DIV9 (Figure 6C). Consistently, the percent- 
age of stubby spines in both proximal and distal fields at 12 
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Table 1 | Electrophysiological neuronal maturation. 



RAT 


Resting (mV) 


Capacitance (pF) 


Mouse 


Resting (mV) 


Capacitance (pF) 


DIV3 


57.8 ± 5.98 (n = 6) 


15.7±1.19(n = 6) 


DIV3 


47.17±7.30(n = 6) 


19.8±3.03 (n = 5) 


DIV6 


50.75±1.49(n=4) 


33.8 ±3.81 (n = 4) 


DIV6 


66±1.38(n = 5) 


30.7±2.17(n = 5) 


DIV9 


53.75±6.61 (n = 5) 


49.8±11.99(n = 5) 


DIV9 


60.57 ±2.97 (n = 7) 


43.14 ±4.82 (n = 7) 


DIV12 


63.25 ± 0.48 (n =4) 


60.02 ± 13.89 (n = 4) 


DIV12 


60.6 ± 4 (n = 5) 


70.55±16.83(n = 5) 


Passive membrane properties recorded in developing hippocampal neurons from rat and mouse. Spontaneous activity and passive membrane properties recorded 
in developing hippocampal neurons from rat and mouse. 
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FIGURE 5 | Morphological characterization of WT and Mecp2~' r mouse 
developing hippocampal neurons. (A) Representative images of both WT 
and Mecp2~l y mouse hippocampal neurons at DIV12. (Scale Bar = 50|im) 
(B) Quantification of relative amount of polarized neurons in culture Data are 
expressed as mean ± SD, n = 4 cultures (C) Quantitative data of the average 



total dendritic length. Data are expressed as mean ± s.e.m., n= 40. 
Quantification of primary dendrites (D), branching points (E) and of the 
secondary dendrites (F) at DIV6, 9, 12, and 15. The median line of the boxes 
refers to the 50 percentile of the entire population. Mann-Whitney Rank Sum 
Test, ***P< 0.001, **P< 0.01, *P < 0.05. 



and 15DIV time points was significantly higher in Mecp2 ^ 
neurons (DIV12 proximal fields Mecp2~^ 64 ± 2% vs. WT 
36 ± 4%; P = 0.027; DIV12 distal fields Mecp2~ / ? 76 ± 8% vs. 
WT 44 ± 5% P = 0.003), while the percentage of mushroom 
spines was significantly lower in Mecp2~/ y neurons (DIV12 prox- 
imal fields Mecp2-lf 7 ± 2% vs. WT 24 ± 4%; P = 0.019; DIV12 
distal fields Mecp2~ / v 9 ± 3% vs. WT 26 ± 5%; P = 0.043) 
(Figures 6C,D). 

SYNAPTOGENESIS IN Mecp2~/ y HIPPOCAMPAL NEURONS 

The percentage of co-localization between PSD95 and SYN1 
was calculated in WT and Mecp2~/ y neurons from DIV6, 9, 12, 
and 15. While the percentage of co-localization of these mark- 
ers of excitatory synapses was comparable in Mecp2~/ y and WT 
neurons at DIV6, all later stages were characterized by an over- 
all significant difference. Specifically, the percentage of PSD95 
co-localized with SYN1 was 50% lower in Mecp2~/ y neurons 
than in WT neurons in proximal and distal regions of the api- 
cal dendrite from DIV9 to DIV15 (DIV9 P = 0.005; DIV12 
P = 0.004; P = 0.002; ANOVA) (Figures 6E,F). Figure 6E shows 



that in Mecp2~/v neurons at DIV12, several PSD95 spots (green) 
were not co-localized with SYN1 (red) while all SYN1 spots are 
co-localized with PSD95. A further analysis of the density of 
SYN1 spots at DIV12 showed 4.3 ± 0.48 spots/10 [im in WT 
neurons and a decreased SYN1 density in Mecp2~/ y neurons with 
3.2 ± 0.33 spots/10 |xm (P = 0.025, ANOVA) while the density of 
PSD95 spots at DIV12 was not statistically different between WT 
and Mecp2~/y neurons (WT 3,4 ± 0,28; Mecp2~^ 3.1 ± 0.16). In 
the same way, the percentage of co-localization between Gephyrin 
and SYN1 was calculated in WT and Mecp2~/ y neurons from 
DIV6, 9, 12, and 15. The percentage of Gephyrin co-localization 
with SYN1 was 30% lower in Mecp2~/ y neurons than in WT neu- 
rons in proximal (at DIV 15, P = 0.047) and distal regions of 
the apical dendrite (at DIV12, P = 0.017 and DIV15, P = 0.023; 
ANOVA) (Figures 6G,H). Since the data of the co-localization 
analysis are expressed as the percentage of co-localized PSD95 or 
Gephyrin with respect to their total signals in dendrites, failure 
of co-localization between postsynaptic elements and SYN1 indi- 
cates the presence of a postsynaptic compartment that is not (or 
anymore) contacted by a presynaptic bouton. 
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FIGURE 6 | Characterization of spines and synapses in WT and 
Mecp2~l' 1 mouse hippocampal neurons. (A) Proximal and distal fields of 
WT and Mecp2~t y mouse apical dendrites. (Scale Bar = 5 (im) (B) Spine 
density in proximal and distal region of WT (black) and Mecp2~/ y (white) 
apical dendrites at DIV6, 9,12, 15. (C,D) Spine type percentage with respect 
to total spine number at different time points (mean + standard errors). (E) 
Synapse identification by SYN1 (red) and PSD95 (green) signals 
co-localization (merge) at DIV12 in WT and MeCP2~' v neurons (Scale bar = 
5 |im). (F) Quantitative analysis of SYN/PSD95 co-localization in WT (black) 
and Mecp2~l y (white) in proximal (left panel) and distal dendritic fields (right 



panel). The Y-axis reports the percentages of colocalized PSD95 with respect 
to total PSD95 signals, while the X-axis reports the different DIV considered. 
(G) Synapse identification by SYN1 (red) and Gephyrin (green) signals 
co-localization (merge) at DIV12 in WT and MeCP2~/ y neurons (Scale bar = 
5|im). (H) Quantitative analysis of SYN/ Gephyrin co-localization in WT (black) 
and Mecp2~l y (white) in proximal (left panel) and distal dendritic fields (right 
panel). The Y-axis reports the percentages of colocalized Gephyrin with 
respect to total Gephyrin signals, while the X-axis reports the different DIV 
considered. **p < 0.01 and *p < 0.05 (One-Way ANOVA with Holm-Sidak's 
pairwise multiple comparison). 
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DISCUSSION 

In this study, we propose a revised staging system for the devel- 
opment of cultured hippocampal neurons from rat, and a new 
staging system for mouse neurons, both including 6 stages but 
with a slightly different time course between rat and mouse neu- 
rons. Our systematic description of each stage in hippocampal 
neuronal cultures using morphological and functional features 
allowed us to identify two breakpoints in the maturation of 
neurons from MeCP2 deficient mice, consisting in a delayed 
development of dendritic arborization from stage 4, and a reduc- 
tion in established excitatory synapses at stages 5 and 6. These 
results indicate that both developmental and maintenance set- 
backs affect the final morphology and function of neurons in RTT 
individuals. 

REVISION OF THE RAT STAGING SYSTEM 

The morphology of mature hippocampal pyramidal neurons is 
achieved over several days in vitro, but the current 5-stage devel- 
opmental model for rat neuron cultures spans only from DIV1 
to DIV7 (Dotti et al., 1988). Our systematic analysis of the events 
occurring from DIV1 to DIV15 indicated the necessity to expand 
the current model (reviewed by Caceres et al., 2012). We con- 
firmed the early stages 1-2 at DIV < 1. In particular, we verified 
the recent observation by Dotti's group (Calderon de Anda et al., 
2008) that shortly before axons become specified, neurons show 
a bipolar morphology (Figure 7). In our hands, Stage 3 started at 
DIV1.5 as in Dotti's model, but in addition, axonal specification 
was found to extend until DIV3, at which about 70% of neurons 
showed a Tau-1 positive/MAP-2 negative neurite (Figure 7). Stage 

4, previously described as the "dendritic outgrowth" step that was 
limited to DIV4, can in fact be better defined as the time-period 
spanning DIV4-6, during which primary dendrites become sta- 
ble, secondary dendrites show a progressive growth, and synapses 
start to appear (Figure 7). We propose to divide the old Stage 

5, previously denominated "maturation," in two different stages. 
Indeed, our data support the view that between DIV7-11 api- 
cal dendrites are established through a highly dynamic phase of 
dendritic expansion and regression, as suggested by Horton et al. 
(2006) (Figure 7). Thus, in our new model, Stage 5 corresponds 
to this dynamic phase while the actual maturation stage (now 
Stage 6) is characterized by a final step of dendritic growth and 
stabilization that spans between DIV12-15. Of note, these late 
time points have not been considered by any model in the liter- 
ature. During Stages 5 and 6, spine density increased and, espe- 
cially at the later DIVs of Stage 6, there was a shift in spine type 
composition with a reduction in the percentage of stubby and 
an increase in mushroom spine types. Recordings of membrane 
passive properties in rat neurons showed a progressive increase 
in membrane capacitance consistent with a progressive growth 
of dendrites, as described in vivo (Tyzio et al, 1999). The Vrest 
value recorded at DIV3 can be considered as quite low (— 50 mV 
approximately), however these data are in accordance with pre- 
vious studies focused on resting membrane potential at early 
developmental stages (Zhang, 2004). Moreover, the mean values 
cited in our paper are in line with those previously described 
for cultured pyramidal neurons (Coulter et al, 1992; Mangan 
and Kapur, 2004). Organized patterns of spontaneous action 



potential firing were observed only after DIV12, in line with 
data from previous studies using different culturing protocols 
(Bacci et al., 1999). Interestingly, excitatory synapses — estimated 
by the co-localization of pre- and postsynaptic markers — were 
already present at DIV6, much before spontaneous bursts of 
action potentials were detectable. 

Our data are in agreement with a recent review article (Caceres 
et al., 2012), in which the 5 developmental stages were grouped 
into 3 polarization phases denominated "First phase of polar- 
ity: Generation of the first neurite" (Stage 1); "Second phase of 
polarity: Generation of the axon and dendrites from minor neu- 
rites" (Stage 2, 3); "Third phase: Axon-dendrite commitment" 
(Stages 4, 5). It remains to be determined whether our new Stage 6 
should be included in Dotti's Phase III because at this time point 
dendrites and axons are already specified and therefore, strictly 
speaking, it should be considered as a maturation phase rather 
than a polarization phase. 

COMPARISON OF RAT AND MOUSE NEURONAL DEVELOPMENT 

The new staging system in 6 Stages proposed for rat cultures also 
applies for mouse neurons. Comparison between rat and mouse 
cultures however, highlighted some differences in their develop- 
mental time courses. In general, mouse neurons matured faster 
than rat neurons during the initial axon outgrowth and the final 
phase of dendrite maturation, and were more unstable during 
the central dynamic phase. In particular, mouse neurons started 
the final wave of dendritic growth already at DIV10 (Stage 6), 
while it occurred from DIV12 onward in rat neurons. In addi- 
tion, mouse neurons showed more precocious spine maturation. 
Indeed, the increase in mushroom spines was already evident by 
Stage 5 in mouse neurons, while it occurred at stage 6 in rat 
neurons. In contrast, the dynamic phase leading to the establish- 
ment of an apical dendrite initially appeared to progress slowly 
in mouse neurons to reach similar values of rat neurons, from 
DIV9 onward. Furthermore, bursting patterns of spontaneous 
action potentials appeared at DIV6 in mouse cultures, while they 
were detected in rat cultures only at DIV12. We are not aware of 
such comparisons in dissociated neuronal cultures; however, a few 
studies are available in vivo. Anatomical and electrophysiologi- 
cal comparison of rat and mouse hippocampal newborn neurons 
showed that CA1 neurons had similar structure, with a few differ- 
ences in dendritic morphology and membrane physiology, while 
their number is strictly related to the life span of each species 
(Routh et al., 2009; Amrein et al., 2011) and to different mouse 
strains (C57BL/6 vs. 129/SvEv) (Routh et al, 2009). 

SYNAPSE MATURATION in vitro 

Previous studies reported that GABAergic currents mediate the 
first synaptic activity appearing during development in various 
brain regions. Hippocampal sharp waves (SPW) bursts, repre- 
sent the main hippocampal field pattern during the first postnatal 
days (Leinekugel et al., 2002), suggested to be the in vivo equiva- 
lents of Giant Depolarizing Potentials, GDPs, immature network 
patterns described in vitro in neonatal hippocampal slices, gener- 
ated by depolarizing and excitatory GABA (Ben-Ari et al., 1989). 
A shift of GABA from the depolarizing to the hyperpolariz- 
ing direction occurs after the second postnatal week. Interictal 
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FIGURE 7 | Model of the in vitro neuron staging. Model of the development of rat and mouse hippocampal neurons in vitro, and the timing of 
developmental and maintenance failure in /Wecp2~' v neurons. 



discharges are generated by GABA receptor antagonists whose 
frequency increases with age (Le Magueresse et al., 2006). A devel- 
opmental shift of the GABA signaling has been also observed in 
culture, shown to be promoted by the developmental increase in 
GABAergic activity (Ganguly et al, 2001). Within a week of the 
establishment of dissociated hippocampal cultures, spontaneous 
electrical activity is organized in bursting patterns (Kamioka et al., 
1996; Cohen et al., 2008) promoted by a GABA-mediated excita- 
tory drive (Ganguly et al., 2001; Waddell et al., 201 1), as observed 
also in acute slices (Ben-Ari, 2002). After one week, synaptically- 
and intrinsically-mediated bursts characterize the spontaneous 
activity of cultured hippocampal neurons (Bacci et al., 1999). A 
blockade of GABAA receptors caused enhancement of the burst 
discharges (Cohen et al., 2008) without loss of synchronization 
(Bacci et al., 1999; Cohen et al., 2008); see also our Figure SI). 
We noted that TTX blocked the bursting activity, never observed 
in low density cultures (data not shown) revealing that synchro- 
nized bursting requires connectivity among a critical number of 
cells (Ivenshitz and Segal, 2010). It is not excluded that intrin- 
sic conductances participate to characterize neuronal discharges 
observed in cultured cells. 

DEVELOPMENTAL vs. MAINTENANCE FAILURE IN Rett SYNDROME 

In order to clarify the pathogenetic mechanism underlying Rett 
syndrome, Mecp2 null, mutant Mecp2 knock-in, and conditional 
knockout mouse mutants have been generated (Calfa et al., 201 1; 



Samaco and Neul, 2011; Li and Pozzo-Miller, 2012). All these 
models develop RTT-like clinical features, such as normal early 
postnatal development followed by a reduction in brain weight 
and neuronal cell size, as well as reduced volume of specific brain 
areas (Belichenko et al., 2008, 2009). In addition, abnormalities 
in the dendritic structure were detected in the dentate gyrus, CA1 
and motor cortex (Belichenko et al., 2009), including lower spine 
density and smaller area of spine heads and spine neck length 
(Belichenko et al, 2009) although another study did not con- 
firmed these findings (Chapleau et al., 2012). Landi et al., have 
recently described dendritic spine dynamics in the somatosensory 
cortex by 2-photon imaging in Mecp2 mutant mice and time- 
lapse imaging revealed a dramatic effect of Mecp2 deletion in 
short-term structural plasticity of cortical spines at ages (P25- 
26) slightly preceding the onset of symptoms (Landi et al., 201 1). 
Indeed, the authors reported that "the density of dendritic spines 
and filopodia was reduced in mutant mice. Also the length of 
spines was slightly but significantly shorter when compared with 
controls" and suggested it could be largely due to a decreased frac- 
tion of filopodia and to their higher stability compared to WT 
controls (Landi et al, 201 1). However, at later stages (P40), "spine 
motility was comparable in WT and MeCP2 null mice whereas 
spine density remains significantly impaired in MeCP2 mutants. 
Thus, the deletion of MeCP2 impairs spine motility during the 
critical period for cortical plasticity and synaptogenesis." Another 
study investigated the role of MeCP2 in dendritic development 
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in newborn granule neurons in the dentate gyrus showing that 
hippocampal neurogenesis was not affected by the absence of 
MeCP2, while immature dentate gyrus neurons in Mecp2 knock- 
out mice exhibited deficits in their ability to transition to later 
stages of development (Smrt et al., 2007). From the findings 
described above and those emerging from more recent inves- 
tigations on induced pluripotent stem cells derived from RTT 
patients, the general consensus is that the lack of MeCP2 does 
not affect neurogenesis nor the early stages of neuronal devel- 
opment, but results in a slower maturation phase. However, the 
recapitulation of the main RTT-like features in adulthood using 
an inducible conditional knockout of Mecp2 strongly suggested 
that proper MeCP2 function is required also for the maintenance 
of the neuronal phenotype (McGrawet al, 2011). Experiments to 
compare the electrophysiological properties of WT and KO Rett 
mouse were not performed. Further studies aimed to understand 
the origin of burst patterns will be executed in brain slices. 

We found that Mecp2 knockout neurons grow dendrites 
slower than wild type neurons, rather than suffering a retrac- 
tion of mature dendritic arbors. We also observed in Mecp2 
knockout neurons a delayed developmental maturation of 
spine number, and morphology, which normally includes 
fewer stubby spines and more mushroom dendritic spines. 
Moreover, after a normal initial development, we found fewer 
excitatory and inhibitory synapses at later stages, suggesting 
increased synapse selection/elimination/pruning. In a recent 
study in vitro (Larimore et al., 2009), silencing the endoge- 
nous Mecp2 gene did not affect axonal morphology but 
reduced total dendritic length, while overexpression of wild 
type human MECP2 gene induced an increase in axonal and 
dendritic length and branching. Intriguingly, the overexpres- 
sion of human MECP2 carrying typical Rett syndrome mis- 
sense mutations negatively affected dendritic branching and 
outgrowth as well as axonal length (Larimore et al, 2009). 
These studies suggest the possibility that different MECP2 
mutations may lead to either loss or gain of MeCP2 protein 
function. 

Previous morphological studies in postmortem brain samples 
from RTT individuals described a decreased dendritic growth 
in pyramidal neurons (Armstrong et al., 1995) More recently 
Chapleau et al. (2009) confirmed in rodents brain slices that 
a transfection of mutated MeCP2 or silencing of endogenous 
MeCP2 were able to reduce dendritic spine density in neu- 
rons. The data collected in the present manuscript allowed us 
to confirm these results from human brains and ex vivo model. 
The presence of different "phenotypic checkpoints" (Ben-Ari 
and Spitzer, 2010) and the fact that different species present a 
differential timing (Khazipov and Luhmann, 2006) of neurode- 
velopmental features (i.e., apical dendrite specification and axonal 
outgrowth) reiterate the importance to have a specie-specific 
morphological signature of neurological disorder (Ben-Ari and 
Spitzer, 2010). In conclusion, the possibility to characterize the 
neuronal development in vitro, in a step by step mode is a peculiar 
characteristic of primary cell cultures but while they are consid- 
ered a valuable research tool is important to remind that they 
represent a reductionistic model of the in vivo system suitable for 
high-throughput screening of new drugs. 



In conclusion, the new staging system proposed here expands 
our current knowledge of the development of hippocampal neu- 
rons in vitro and provides novel insights in the pathogenesis of 
Rett syndrome. The staging system described here can be used to 
study the development of neurons from mouse models of other 
neurodevelopmental disorders and may pave the way to obtain 
more standardized cultures, which are highly needed for neu- 
rodevelopmental toxicological studies in order to obtain valuable 
substitutes to animal testing. 
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